Rocky intertidal productivity is traditionally thought to be sustained almost solely by upwelled nitrate with remineralized forms of minor importance. Using tidepools as natural experimental mesocosms, we conducted 15 N-tracer experiments to test whether ammonium remineralized within the rocky intertidal is also a significant source of fixed N to localized ecosystem production. Comparison of tidepools with and without the dominant bivalve Mytilus californianus allowed consideration of its role in NH z 4 cycling. Closed water-incubation bottles were used to investigate the contribution of suspended microbes to NH z 4 cycling. Tidepools with mussels had both greater NH z 4 remineralization (two times) and NH z 4 removal as compared with those without, with daytime rates greater than nighttime rates. Incorporation of 15 NH z 4 tracer by particulate organic matter and macroalgae, and the persistence of this signal in tidepools for several days following the experiment, showed retention of autochthonous NH z 4 in the system. Remineralization rates were tightly correlated to removal rates when compared over all treatments and experiments, but NH z 4 remineralization was significantly greater than removal, suggesting a surplus available to nearshore primary producers.
relative role of suspended microbes (e.g., bacteria, archaea or unicellular eukaryotes) with tracer assays within isolated bottles incubated in the tidepools. The longer term retention of remineralized NH 
Methods
Study site-This study was conducted at Second Beach, a rocky north-facing bench 2 km east of Neah Bay, Washington State (48u239N, 124u409W) within the Makah Tribal Reservation (Fig. 1 ). It has a number of accessible tidepools that make ideal natural mesocosms, and mussels have been manually removed from a subset of these tidepools since 2002. Besides this single perturbation, the pools have been left intact and contain a natural assemblage of macroalgae (especially the red macroalgae Prionitis sternbergii, and articulated and crustose coralline algae), microphytobenthos, macrofauna, and plants such as the surfgrasses Phyllospadix scouleri and P. serrulatus. The biological composition of the tidepools has been documented and includes limpets, anemones, and fishes; while mussels were the dominant animals in un-manipulated tidepools (Pfister 2007) , with an average of 51.3% cover of mussels, ranging from 10% to 95% cover in tidepools with mussels. There was a strong distinction in species composition between tidepools with and without mussels, with the percent cover of mussels correlating strongly with multivariate statistical distinction of the tidepools (r 5 20.905, p , 0.001; Fig. 2 ). The percent of macroalgal cover also correlated with nonmetric multidimensional scaling (NMDS) axis 1 (r 5 0.567, p 5 0.022), with macroalgae showing a trend of higher percent cover in tidepools without mussels (58.7% vs. 36.1%, t-test, t 5 1.845, degrees of freedom [df] 5 15, p 5 0.086). Other invertebrates, primarily barnacles and anemones, did not explain significant variation in the NMDS axes (r 5 20.116, p 5 0.670) and did not differ among treatments. Thus, our mussel manipulation resulted in two distinct groups of tidepools.
Summertime maximum low and high tide periods are 5-6 h long, and these were selected for our experiments to maximize the tidepool water incubation time. Tidepool NH z 4 concentrations are also typically high (. 10 mmol L 21 ) and ensured no concentration-related artifacts from tracer addition, see below.
Experimental design-We evaluated the role of mussels by adding 15 N-labeled NH z 4 to an assemblage of tidepools where they were either present at natural abundance levels, or absent through manual removal. The role of phototrophs was separately examined by conducting these experiments both during the day and at night. The tidal height of pools varied between 1.2 m to 1.5 m above Mean Lower Low Water. Tidepools were thus isolated from each other as well as the nearshore environment during the low tide period when experiments were conducted. Each experiment included 4-5 mussel removal (MR) tidepools (since 2002) and 4-5 mussel control (MC) tidepools with natural mussel densities. In June 2010, we performed daytime NH z 4 tracer experiments and in August 2010 nighttime experiments using the same tidepools. The following year (July 2011), these experiments were repeated with the addition of bottle incubations (see below) to evaluate the effects of suspended tidepool components and extended sampling for 6 d after the initial 15 N addition to test for long-term retention of NH Fig. 1 . Map of experimental site (marked by circle) and surrounding area. Fig. 2 . Nonmetric multidimensional scaling (NMDS) plot based on the percent cover for all benthic components of the tidepools used in the experiment, showing the community distinction between pools with mussels and those without (n 5 8 each). NMDS was based on a Bray-Curtis dissimilarity matrix; the percent cover of mussels had a correlation coefficient of 20.905 (p , 0.001) with the first axis, while macroalgae had a coefficient of 0.567 (p 5 0.002).
Because isotope enrichment levels were relatively low, we used the conventional delta notation instead of atom% to describe variations in 15 was then added and distributed by stirring with a stick. Water samples were immediately collected for measuring initial 15 N enrichment and subsequently at 2 h, 4 h, and 6 h intervals to determine isotope and concentration time courses. All water samples were frozen until analysis. Tidepool oxygen, pH, and temperature (Hach HQ4D) were also collected at , 2 h intervals throughout the experiment.
In 2011 we also assessed the contribution of the suspended microbial community to NH z 4 cycling by enclosing tidepool water in a 250 mL transparent polycarbonate incubation bottle. Following tracer addition, the bottle was filled and then left to float in the tidepool for the duration of the experiment. Samples from bottles were filtered as described both immediately after containment and at the end of the experiment (, 6 h later).
We assessed macroalgal contribution to NH z 4 removal by transplanting two tidepool-dwelling algae species. Prionitis sternbergii were sampled 2 weeks prior to the experiment for baseline natural abundance 15 N values and transplanted into the pools with Z-Spar Epoxy TM (Pfister 2007) . On the day of the experiment, the red-alga Corallina vancouveriensis, from a single source patch, was also sampled for 15 N natural abundance, inserted into pieces of Styrofoam, and floated in each pool.
At the end of each experiment (, 6 h sampling point), we sampled tidepool POM by filtering through combusted GF/F filters until they clogged (, 600 mL) and comparing these samples with POM similarly sampled from the immediate nearshore. Floating Corallina spp. samples were collected into clean Eppendorf tubes, and similar-sized pieces of Prionitis spp. were collected from each pool into clean foil packets.
We evaluated the extent of longer term 15 N-tracer retention in 2011 by sampling tidepool water, POM, and transplanted Prionitis 1 d, 3 d, and 6 d following tracer addition. We sampled at ebb tide and again at slack water just prior to high tide on the first day after tracer addition (that is, 24 h later) and at slack water prior to high tide on Day 3 and 6.
Laboratory analysis-NH z 4 and NO { 3 concentrations were measured at the University of Washington Marine Chemistry Lab (methods from UNESCO 1994). Concentration values from 2011 were corrected for rain dilution using the change in salinity measured over the incubation period assuming no addition of NH z 4 or NO { 3 to the pools from the rainfall. NH z 4 isotopic composition was measured according to a modified version of Zhang et al. (2007) after isotope dilution to , 500% to prevent isotopic contamination of the natural abundance-level mass spectrometer system. Briefly, NH z 4 is oxidized to nitrite using hypobromite and then reduced to N 2 O using acetic acid-buffered sodium azide before analysis on an isotope ratio mass spectrometer (IRMS). In modification of the prior method, pre-existing NO { 2 was removed prior to hypobromite addition by reaction with sulfamic acid. To a 20 mL sample volume, 340 mL 20 mmol L 21 sulfamic acid and 10 mL 10% HCl was added and allowed to react for 12 h at room temperature. A second improvement was the addition of 6 mol L 21 HCl to reduce the pH of the sample below 7 prior to the addition of an azide-100% acetic acid reagent. Isotope determinations were made at University of Massachusetts Dartmouth using a GV IsoPrime IRMS, a custom purge-trap sample preparation system, and a CTC PAL autosampler. Reproducibility was better than 6 0.5%.
Filters and algal samples were dried at 60uC for 48 h and elemental and isotopic analyses were made at the University of Chicago and at Yale University. Samples were run using a Costech 4010 Elemental Analyzer combustion system coupled to a Thermo DeltaV Plus IRMS via a Thermo Conflo IV interface (University of Chicago), or using the same Elemental Analyzer coupled to a Thermo DeltaXP Advantage IRMS via a Thermo Conflo III interface (Yale University). Reproducibility was better than 6 0.1%.
Data analysis-Raw NH z 4 isotope data were corrected for a background 'blank' using a simple mass balance equation (Zhang et al. 2007 ) to remove the contribution made to the signal height from reagent and diluent lownutrient seawater NH z 4 contamination. Data were then calibrated using a standard curve derived from co-analysis of international standards National Institute of Standards and Technology United States Geological Survey 25 (229.4%) and 26 (+52.9%), and International Atomic Energy Agency N1 (0.5%) per Zhang et al. (2007) . A final correction was made for the initial isotopic dilution.
Corrected and calibrated NH z 4 isotope data were used to calculate rates of NH z 4 remineralization and removal within tidepools, where remineralization is taken to mean any process (e.g., excretion, microbial degradation of organic matter, etc.) producing NH to decline exponentially through time in tidepools, and is the only significant process that alters the isotopic ratios of NH z 4 in an insular tracer experiment (Glibert et al. 1982; O'Brien and Wheeler 1987; Lipschultz 2008) . Uptake or microbial transformation of NH z 4 is not expected to significantly alter the source isotopic ratios because these processes occur with kinetic fractionation effects between 10% and 25% (Montoya 2008) , which are negligible in comparison to the high initial enrichment of the NH z 4 in the tidepools. The exponential decline in d 15 NH z 4 was observed in almost every instance (see Fig. 3 for typical examples), and exponential fits were made to the data of the form y 5 ae 2bx where y~d 15 NH z 4 (%) and x 5 time (h) and a and b (h 21 ) are fitted parameters. NH z 4 remineralization rates (mmol L 21 h 21 ) were calculated using Eq. 1:
where 2b is the exponential decay constant determined as described above and [NH Table 1 ). is a term common to both remineralization and removal rates and could cause an underlying correlation between the two, we tested for autocorrelation between these two rate measurements using randomly generated NH z 4 concentration values within the observed range of 0-50 mmol L 21 and observed no underlying relationship between the two rates (r 2 5 0.099). NH z 4 uptake by POM (mmol L 21 h 21 ) was calculated from the d 15 N POM data using the corrected uptake-rate calculation from Glibert et al. (1982, eq. 11 in that paper) that takes into account the isotope dilution over time of the ambient NH z 4 pool. However, we used the arithmetic average 15 NH z 4 at% instead of the exponential average (Eq. 3), finding that in most cases the difference in calculated uptake rates between the two approaches was , 10% and never . 20%. where 15 N at% excess is the percent contribution of 15 N atoms to the total N pool in the POM sample that is greater than the natural abundance value, R is the average of the 15 N at% enrichment in the ambient NH z 4 pool, t is the time period (h) over which the rate is being calculated, and PN is the concentration of N in the POM sample in mmol L 21 . We derived the POM 15 N at% excess from the measured POM d 15 N values by first determining the 15 N : 14 N ratio of the sample using the d-notation equation and the 15 N : 14 N ratio of the standard (atmospheric N 2 5 3.68 3 10 23 ). For the relatively low isotopic enrichments our samples 15 N at% was approximated as 15 N : 14 N 3 100. We calculated 15 N at% excess by subtracting the natural abundance 15 N at% from the measured value, where the natural abundance value was the arithmetic mean of the nearshore POM samples. For macroalgal uptake, we only calculated NH z 4 specific uptake rates (h 21 ; Eq. 4), because an estimate of macroalgal biomass would have required destructive sampling. We further calculated specific uptake rates for POM between tidepool treatments (MC vs. MR). Terms are as in Eq. 3 above.
Rates of total NH

Specific uptake rate~phototroph
15 N at% excess=(R|t) ð4Þ
Rates were compared using ANOVA and two-sample t-tests. When data did not meet the criterion for homoscedasticity, log transformation was used to normalize variances. All statistics were calculated in R (www. r-project.org).
Results
Nitrogen remineralization and removal in the intertidalWe observed rapid nitrogen remineralization in all tidepools, remineralization ranged from as low as 0.04 mmol L 21 h 21 in a MC incubation bottle to as great as 25.19 mmol L 21 h 21 in a MC tidepool during the day (see Table 1 ). Removal rates similarly widely ranged from 0 mmol L 21 h 21 to 20.97 mmol L 21 h 21 . Remineralization and removal rates were found to be strongly correlated across all tidepools and all treatments (Fig. 4 ; r 2 5 0.93) with a slope significantly . 1.0 of 1.19 (p , 0.001). Over all treatments and across both years, remineralization thus exceeded removal by about 20%. As expected based on their isolation from composite tidepool processes, incubation bottles, in contrast, did not exhibit a significant relationship between remineralization and removal ( Fig. 4 ; r 2 5 0.19, p 5 0.465).
The role of mussels in NH z 4 cycling-We tested whether mussels were major sources of NH z 4 to tidepools by comparing MR and MC treatments (Fig. 5a ) for both day and night experiments. We found that the average NH z 4 remineralization in MC tidepools (6.01 mmol L 21 h 21 ) was . 2.5 times that in MR pools (2.28 mmol L 21 h 21 ) in 2010 (Table 2 ; F 1,16 5 11.52, p 5 0.004) regardless of time of day. However, this difference between treatments was not as distinct in 2011 (Table 2 ; t-test, t 5 1.59, df 5 1, p 5 0.184). When we compared rates of NH z 4 remineralization in incubation bottles, those from MR pools were not significantly different from MC pools (Table 2 ; F 1,8 5 3.52, p 5 0.098). The higher remineralization rate in entire MC pools is evidently associated with the benthic presence of mussels and is not a property of the tidepool water.
The presence of mussels also enhanced NH z 4 removal rates (Fig. 5b ) in 2010 (Table 2 ; F 1,16 5 6.87, p 5 0.019) but not significantly so in 2011. As with remineralization rates, incubation bottles from MR and MC pools showed no significant differences in removal rates (Table 2) .
At night, both NH z 4 remineralization and removal rates significantly decreased ( Fig. 5 ; Table 2 ). Changes in O 2 concentration due to diel oscillation in photosynthesis and respiration likely mediated rates of animal metabolism (see below). During the day, mean O 2 concentration increased 91.89% (6 29.02% SE) saturation over the course of the experiment in MC pools and 115.28% (6 19.31%) saturation in MR pools (2010 data; Fig. 6 ). In contrast, mean nighttime O 2 concentrations decreased 29.78% (6 9.66%) saturation in MC pools and 36.88% (6 5.98%) saturation in MR pools over the course of the experiment (2010 data; Fig. 6 ). Overall, the highest rates of NH z 4 removal occurred in the presence of mussels during daylight hours (Table 2 ; F 1,16 5 6.71, p 5 0.02).
Isolating suspended and benthic processes via incubation bottle treatments-Our experimental design allowed us to compare the ammonium dynamics in tidepool water vs. entire tidepools with fully developed benthic macro and microscopic communities. As expected, we saw greater rates of both NH day, tidepools with their intact macro and microscopic communities had remineralization rates nearly 10 times greater than for incubation bottles (average of both mussel treatments for both years and all incubation bottles; F 1,25 5 26.04, p , 0.0001). Remineralization rates within incubation bottles were non-negligible but comparatively low (rates up to 1.32 mmol L 21 h 21 ), showing the production of NH retention of regenerated NH Fig. 7 . Mean ammonium uptake rates by suspended particulate organic matter (6 SE). Note that these units are three orders of magnitude smaller than the units describing overall ammonium removal in Fig. 5 . Fig. 8 . Mean specific uptake rates for both species of macroalgae and POM in 2011 (6 SE). without replenishment from photosynthesis. Nighttime O 2diminished over time. Incubation bottles were collected and sealed at the start of the experiment, while POM samples for measuring 15 N incorporation were collected from the tidepools at the end of the experiment after 4-6 h of exposure. The composition of the POM in the bottles and the tidepools at the end of the incubation period may thus be very different because of the activities of filter feeders, leading to differences in uptake rates. The NH z 4 removal rates noted in the incubation bottles (between 0 mmol L 21 N h 21 and 1.76 mmol L 21 N h 21 ) may thus be closer to the true rate of POM uptake than that determined from the tidepool filters. Though low, these water column NH z 4 uptake rates were nevertheless within range of other studies' measured rates of phytoplankton uptake in open ocean regions (Kokkinakis and Wheeler 1987) , again highlighting the overwhelming role of the benthic tidepool biota in ammonium dynamics.
A change in POM composition rather than a decrease in concentration could explain how the concentration of POM within the pools remains comparable to that in the nearshore, but the NH z 4 removal capacity of the POM decreases. The concentrations of the suspended POM in the tidepools we measured at the end of the experiment were of a similar magnitude to those found in the nearshore open water-concentrations of particulate organic nitrogen in the pools averaged 3.19 6 2.41 mmol L 21 across both mussel treatments and years, while nearshore averages were 2.24 6 2.25 mmol L 21 . This concordance is surprising given that mussels are highly efficient filter feeders (Ward and Shumway 2004) and our estimates suggest that mussels can filter the entire volume of water in tidepools in 14-171 min, depending on the size of the pool and density and biomass of mussels (using mass-specific filtration rates estimated by Meyhö fer [1985] and Riisgå rd [2001] ). This means in the typical 6 h experimental period, entire pools could be filtered between 2 and 26 times. Most likely, larger phytoplankton cells are filtered out and replaced by faster growing smaller non-photosynthetic cells such as bacteria, ciliates, and small flagellates over the course of the Zaykowski patiently censused on site. J. Carlson and G. Kaufman kindly provided mapping support, L. Bristow gave helpful comments on the manuscript, and J. T. Wootton provided mussel mass data. We are grateful for the helpful comments and suggestions made by 3 anonymous reviewers.
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